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Clinical PerspectiveWhat Is New?This study is one of the first to demonstrate that chronic myocardial ischemia and myocardial ischemia‐reperfusion both stimulate an endogenous lymphangiogenesis response, despite different kinetics in the induction of vascular endothelial growth factor C.This study is one of the first to demonstrate that the endogenous lymphangiogenesis response is initiated during the first week after the onset of myocardial ischemia‐reperfusion injury.This is the first study to demonstrate that inhibition of the endogenous lymphangiogenesis response exacerbates ischemic‐induced heart failure.What Are the Clinical Implications?The findings of the current study demonstrate that the local delivery of vascular endothelial growth factor C using a hydrogel is a viable delivery strategy to attenuate the development of ischemic‐induced heart failure.The findings of the current study support the emerging concept that therapeutic lymphangiogenesis is a promising new approach for the treatment of heart failure.

Introduction {#jah33547-sec-0008}
============

Lymphatic vessels exist throughout the body in the same manner as blood vessels.[1](#jah33547-bib-0001){ref-type="ref"} They interconnect with blood vessels to form an elaborate system that functions in interstitial fluid drainage, lipid absorption, and immune cell responses.[2](#jah33547-bib-0002){ref-type="ref"} Lymphatic vessels originate from veins during embryonic development before undergoing extensive expansion and remodeling to form an ordered network consisting of lymphatic capillaries, precollectors, and collecting vessels that serve to return lymphatic fluid back to the blood circulation.[2](#jah33547-bib-0002){ref-type="ref"} Lymphangiogenesis, or the growth of lymphatic vessels from preexisting vessels, is the major, if not the exclusive, mode of lymphatic growth. Signaling via vascular endothelial growth factor C (VEGF‐C) and VEGF receptor 3 (VEGFR3) is perhaps the most central pathway for lymphangiogenesis. Disruption in lymphatic vessel formation during development (VEGF‐C-- or VEGFR3‐deficient mice[3](#jah33547-bib-0003){ref-type="ref"}, [4](#jah33547-bib-0004){ref-type="ref"}) leads to death. Additionally, the loss of lymphatic function in humans (hereditary disease, lymphatic damage, or surgical removal of lymph nodes) leads to lymphedema.[5](#jah33547-bib-0005){ref-type="ref"}, [6](#jah33547-bib-0006){ref-type="ref"} This and other, more recent, evidence has led to the understanding that lymphatic vessels are not simply passive conduits for interstitial fluid, but rather are essential for multiple physiological activities.[1](#jah33547-bib-0001){ref-type="ref"}

The heart contains an elaborate network of lymphatic vessels, which serve to collect and return macromolecules, proteins, electrolytes, and fluid from the interstitial space to the circulation.[7](#jah33547-bib-0007){ref-type="ref"}, [8](#jah33547-bib-0008){ref-type="ref"}, [9](#jah33547-bib-0009){ref-type="ref"} As a result, the cardiac lymphatic system aids in the control of tissue pressure and edema formation.[8](#jah33547-bib-0008){ref-type="ref"} Interference with cardiac lymphatic flow (ie, through obstruction) predisposes the heart to edema, inflammation, fibrosis, and infection.[10](#jah33547-bib-0010){ref-type="ref"} Additionally, impairments in cardiac lymphatic flow have deleterious effects on cardiac dysfunction in the setting of myocardial ischemia.[11](#jah33547-bib-0011){ref-type="ref"} Despite these well‐documented actions, little is known about the role the cardiac lymphatic system plays in the development of heart failure. Recent studies have begun to focus on this issue with the demonstration that myocardial ischemia initiates an endogenous lymphangiogenesis response.[12](#jah33547-bib-0012){ref-type="ref"}, [13](#jah33547-bib-0013){ref-type="ref"} Moreover, treatment with VEGF‐C augments endogenous lymphangiogenesis and leads to improvements in cardiac function.[12](#jah33547-bib-0012){ref-type="ref"}, [13](#jah33547-bib-0013){ref-type="ref"} Thus, it appears that therapeutic lymphangiogenesis serves as a promising new treatment of heart failure.

Although these findings have laid the foundation for the concept of therapeutic lymphangiogenesis, there are several issues related to the kinetics and functional significance of the response that need to be addressed. Additionally, the consequences of inhibiting the endogenous lymphangiogenesis response have not been explored. Herein, we addressed these issues in well‐defined murine models of ischemic‐induced heart failure.

Materials and Methods {#jah33547-sec-0009}
=====================

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.

Animals {#jah33547-sec-0010}
-------

C57BL/6J mice (male; 8--12 weeks of age) were used in all experiments. Sex influences the development of cardiovascular disease.[14](#jah33547-bib-0014){ref-type="ref"} As such, we only used male mice in our studies. This allowed for the evaluation of ischemic‐induced lymphangiogenesis in a well‐controlled experimental system. All experimental protocols were approved by the Institute for Animal Care and Use Committee at T3 Laboratories and Emory University and conformed to the *Guide for the Care and Use of Laboratory Animals*, published by the National Institutes of Health (publication 86‐23, revised 1996), and with federal and state regulations.

Materials {#jah33547-sec-0011}
---------

Recombinant human VEGF‐C~Cys156Ser~ (752‐VC‐025/CF) was purchased from R&D Systems (Minneapolis, MN). The VEGFR3 inhibitor, MAZ‐51 (No. 676 492) was purchased from Millipore Sigma (Burlington, MA). VEGF‐C neutralization antibody (52 393) was purchased from GeneTex, Inc (Irvine, CA). Gelatin‐based hydrogels were obtained from MedGEL (Kodaira, Tokyo, Japan).[15](#jah33547-bib-0015){ref-type="ref"}, [16](#jah33547-bib-0016){ref-type="ref"} 5‐Bromo‐2′‐deoxyuridine (No. B5002) was purchased from Sigma‐Aldrich.

In Vitro Cell Culture {#jah33547-sec-0012}
---------------------

Lymphatic endothelial cells and human umbilical vein endothelial cells (HUVECs) were purchased from Lonza. Lymphatic endothelial cells were cultured in endothelial cell growth medium‐2MV (No. cc4176; Lonza). HUVECs were cultured in endothelial cell growth medium plus growth media (No. cc5035; Lonza). Cells (10 000/well) were plated in 96‐well plates and maintained in corresponding media until 80% confluent. Cells were then maintained in endothelial cell basal medium‐2 containing 0.5% fetal bovine serum for 24 hours. Cells were then exposed to 100 ng/mL of VEGF‐C~Cys156Ser~ or VEGF‐A. Cell proliferation was evaluated 72 hours later by use of the PreMix WST‐1 Cell Proliferation Assay System (TAKARA Bio Inc), according to the manufacturer\'s instructions.

Gelatin‐Based Hydrogel Preparation {#jah33547-sec-0013}
----------------------------------

Gelatin‐based hydrogels were prepared according to the manufacturer\'s instruction. In brief, to prepare gelatin hydrogels, 10 μL of an aqueous solution containing VEGF‐C~Cys156Ser~ (125 μg/mL),[17](#jah33547-bib-0017){ref-type="ref"} MAZ‐51 (25 mg/mL),[18](#jah33547-bib-0018){ref-type="ref"} VEGF‐C neutralizing antibody (NAb; 0.5 mg/mL), or vehicle was dropped onto the freeze‐dried hydrogels. The hydrogels were incubated at room temperature for at least 30 minutes. The hydrogels are designed to release their content as they degrade, with ≈90% being released by 14 days. This results in the following doses: VEGF‐C~Cys156Ser~, 3.214 μg/kg per day; MAZ‐51, 0.643 mg/kg per day; and VEGF‐C NAb, 0.0218 mg/kg per day. After the onset of reperfusion, the gelatin hydrogels were placed on the surface of myocardium before the closing of the chest.

Heart Failure Protocols {#jah33547-sec-0014}
-----------------------

Heart failure was induced by either permanent ligation of the left coronary artery or subjecting mice to 60 minutes of left coronary artery occlusion, followed by reperfusion for up to 4 weeks. Surgical ligation of the left coronary artery was performed under anesthesia (ketamine, 100 mg/kg; sodium pentobarbital, 20 mg/kg), as previously described.[19](#jah33547-bib-0019){ref-type="ref"}, [20](#jah33547-bib-0020){ref-type="ref"} All animals received prophylactic antibiotic therapy with cefazolin (20 mg/kg) and buprenorphine (0.05 mg/kg) for pain. A total of 185 mice were included in the present study after accounting for animal deaths. All mice were randomly assigned to the treatment groups. For the experiments examining the proliferation of lymph endothelial cells, 5‐bromo‐2′‐deoxyuridine (30 mg/mL)[21](#jah33547-bib-0021){ref-type="ref"} was injected intraperitoneally once daily after the onset of myocardial ischemia until the time of euthanasia.

Echocardiograph Analysis {#jah33547-sec-0015}
------------------------

Transthoracic echocardiography was performed at baseline and 4 weeks after reperfusion using the Vevo 2100 with a 38‐MHz linear array scanhead.[19](#jah33547-bib-0019){ref-type="ref"}

Infarct Size Analysis {#jah33547-sec-0016}
---------------------

Myocardial infarct size was evaluated at 24 hours of reperfusion, as previously described.[22](#jah33547-bib-0022){ref-type="ref"} For these experiments, mice were subjected to 60 minutes of ischemia, followed by reperfusion. Gelatin hydrogels containing vehicle, MAZ‐51, VEGF‐C NAb, or VEGF‐C~Cys156Ser~ were placed on the surface of myocardium before the closing of the chest.

Western Blot Analysis {#jah33547-sec-0017}
---------------------

Whole cell fractions were obtained, as previously described.[22](#jah33547-bib-0022){ref-type="ref"} Protein concentrations were measured with the DC protein assay (Bio‐Rad Laboratories, Hercules, CA). Equal amounts of protein were loaded into lanes of Criterion TGX (Tris‐Glycine eXtended) Stain‐Free PAGE gels (BioRad). The gels were electrophoresed and activated using a ChemiDoc MP Visualization System (BioRad). The protein was then transferred to a polyvinylidene difluoride membrane. The membranes were then imaged using a ChemiDoc MP Visualization System to obtain an assessment of proper transfer and to obtain total protein loads. The membranes were then blocked and probed with primary antibodies overnight at 4°C. Immunoblots were next processed with secondary antibodies (Cell Signaling) for 1 hour at room temperature. Immunoblots were then probed with a Super Signal West Dura kit (Thermo Fisher Scientific) to visualize signal, followed by visualization using a ChemiDoc MP Visualization System (BioRad). Data were analyzed using Image Lab (BioRad). The total protein images were used as loading controls. For each protein of interest, the portion of the protein load image corresponding to the molecular weight of the protein of interest was used as the loading control.[23](#jah33547-bib-0023){ref-type="ref"}

Histological Analysis and CD31 Staining {#jah33547-sec-0018}
---------------------------------------

Hearts were harvested and fixed in 10% formalin and embedded in paraffin. Slices were cut at 7 μm and stained with Masson trichrome (Millipore Sigma, Burlington, MA).[17](#jah33547-bib-0017){ref-type="ref"} Fibrosis area was quantitatively analyzed with National Institutes of Health Image software. Immunohistochemistry was performed to visualize vascular density with a commercially available kit (Blood Vessel Staining Kit; Millipore).[24](#jah33547-bib-0024){ref-type="ref"} Primary antibody against CD31 (Abcam; ab28364; 1:50) was used. Digital images were obtained with a microscope, and CD31‐positive vessels were counted using ImageJ. CD31‐positive vessels per mm^2^ were calculated to evaluate the number of vessels per field.

Immunofluorescence {#jah33547-sec-0019}
------------------

Frozen sections (7 μm in thickness) were prepared and stained with a lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) antibody to detect lymph vessels.[25](#jah33547-bib-0025){ref-type="ref"} These methods were followed by incubation with secondary antibodies. Coverslips were mounted using Vectashield H‐1500‐4′, 6‐diamidino‐2‐phenylindole--containing medium (Vector Laboratories).[25](#jah33547-bib-0025){ref-type="ref"} Images were acquired on a Leica DM6000. B lymphocytes were detected by staining sections with antibodies against CD45R (B220) and immunoglobulin M. Proliferating lymph endothelial cells were evaluated by staining sections with antibodies against 5‐bromo‐2′‐deoxyuridine and LYVE1.

Inflammatory Cytokines {#jah33547-sec-0020}
----------------------

The levels of tumor necrosis factor‐α, interleukin‐1β, and interleukin‐6 were evaluated in heart homogenates using ELISA kits (eBioscience; No. 88‐7324‐22, No. 88‐7013‐22, and No. 88‐7064‐22, respectively), according to the manufacturer\'s instructions.

Hyaluronic Acid Measurements {#jah33547-sec-0021}
----------------------------

The levels of hyaluronic acid were evaluated in heart homogenates using an ELISA kit (Hyaluronan Quantikine ELISA Kit; No. DHYAL0; R&D Systems), according to the manufacturer\'s instructions.

Gravimetry {#jah33547-sec-0022}
----------

Cardiac water content was evaluated by the wet weight--dry weight method after desiccation of the heart tissue for 5 days at 65°C, as previously described.[13](#jah33547-bib-0013){ref-type="ref"}

Lymph Vessel Function {#jah33547-sec-0023}
---------------------

To evaluate lymphatic flow, a fluorescently labeled macromolecule (2000‐kDa fluorescein isothiocyanate--dextran; 2 mg/mL; Pierce Thermo)[26](#jah33547-bib-0026){ref-type="ref"} was injected intramuscularly into the apex of the heart. Because of its size, the tracer is taken up by the lymphatics. After 30 minutes, a blood sample was collected to determine how much of the tracer had moved through the cardiac lymphatics into the circulation. The arbitrary units of fluorescence intensity for each sample were measured with a plate reader. The amount of tracer (μg) in each sample was calculated using a standard curve of fluorescein isothiocyanate--dextran.

Statistical Analysis {#jah33547-sec-0024}
--------------------

All data are expressed as mean±SEM. The data were first evaluated for normal distribution using the D\'Agostina and Pearson omnibus normality test. Subsequent statistical significance was evaluated as follows: (1) an unpaired Student *t* test for comparison between 2 means; and (2) a 1‐way ANOVA with a Tukey test or Dunnett\'s multiple comparison test as the post hoc analysis for comparison among ≥3 groups. For the echocardiography data, a 2‐way repeated‐measures ANOVA with a Bonferroni test as the post hoc analysis was used. The following comparisons were made separately: (1) baseline versus postbaseline measurements for each group, (2) differences between each group\'s baseline measurements, and (3) differences between each group\'s postbaseline measurements. The *P* value for these evaluations was adjusted by applying the Bonferroni correction for multiple comparisons. *P*\<0.05 denoted statistical significance, and *P* values were 2 sided. All statistical analysis was performed using Prism 5 (GraphPad Software Inc).

Results {#jah33547-sec-0025}
=======

Kinetics of Lymphangiogenesis Early After the Onset of Myocardial Ischemia {#jah33547-sec-0026}
--------------------------------------------------------------------------

Previous studies report that myocardial ischemia induces an endogenous lymphangiogenesis response.[12](#jah33547-bib-0012){ref-type="ref"}, [13](#jah33547-bib-0013){ref-type="ref"} However, the kinetics of the response have not been evaluated during the early period after the onset of ischemia. We, therefore, addressed this issue herein. For these experiments, mice were subjected to permanent myocardia ischemia and followed up for up to 7 days. First, we assessed the protein expression of VEGF‐C and VEGFR3 in heart homogenates obtained from mice subjected to various periods of ischemia (Figure [1](#jah33547-fig-0001){ref-type="fig"}). The expression of VEGF‐C was significantly increased 1 day after the onset of ischemia. This increase persisted for up to 7 days of ischemia. The expression of VEGFR3 was increased from 3 to 7 days of ischemia. Next, we evaluated the remodeling of the cardiac lymphatics by focusing on the lymph density in the subendocardium (an area that experiences a robust increase in lymphatic density in response to myocardial ischemia[13](#jah33547-bib-0013){ref-type="ref"}). Our analysis revealed a significant increase in the number of LYVE1‐positive cells starting at 3 days of ischemia that persisted for up to 7 days of ischemia (Figure [2](#jah33547-fig-0002){ref-type="fig"}A and [2](#jah33547-fig-0002){ref-type="fig"}B). To investigate if the observed increase in LYVE1‐positive cells was indicative of lymphatic cell proliferation, we treated a subset of mice with 5‐bromo‐2′‐deoxyuridine starting after the onset of myocardial ischemia. Analysis revealed a significant increase in the number of LYVE1‐positive cells labeled with 5‐bromo‐2′‐deoxyuridine starting at 3 days of ischemia, with a gradual increase noted at 7 days of ischemia (Figure [2](#jah33547-fig-0002){ref-type="fig"}C). Finally, we also evaluated the diameter of lymphatic precollectors in the epicardium as an evaluation of lymphatic drainage capacity.[13](#jah33547-bib-0013){ref-type="ref"} Our analysis revealed a significant increase in lumen area starting at 1 day of ischemia that persisted for up to 7 days of ischemia (Figure [2](#jah33547-fig-0002){ref-type="fig"}A and [2](#jah33547-fig-0002){ref-type="fig"}D).

![Representative immunoblots and analysis of vascular endothelial growth factor C (VEGF‐C; A) and VEGF receptor 3 (VEGFR3; B) protein expression levels in samples collected from hearts subjected to different periods of ischemia. Numbers in bars indicate sample sizes. Values are means±SEM. D indicates day; MI, myocardial ischemia. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 vs sham.](JAH3-7-e009565-g001){#jah33547-fig-0001}

![A, Representative images of left ventricular sections stained with an anti‐LYVE1 antibody to denote LYVE1‐positive cells (top panels) and lymphatic collecting vessel luminal area (bottom panels). B, Summary of LYVE1‐positive cells. C, Summary of LYVE1‐positive cells labeled with 5‐bromo‐2′‐deoxyuridine (BrdU). D, Lymphatic lumen area. Samples were collected from hearts subjected to different periods of ischemia. Bars: 50 μm (A); 20 μm (C). Values are means±SEM. D indicates day; DAPI, 6‐diamidino‐2‐phenylindole; MI, myocardial ischemia. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 vs sham.](JAH3-7-e009565-g002){#jah33547-fig-0002}

Kinetics of Lymphangiogenesis in the Setting of Myocardial Ischemia‐Reperfusion Injury {#jah33547-sec-0027}
--------------------------------------------------------------------------------------

The next series of experiments evaluated the kinetics of the lymphangiogenesis response in a more clinically relevant model of myocardial ischemia‐reperfusion injury. For these experiments, mice were subjected to 60 minutes of myocardial ischemia, followed by up to 7 days of reperfusion. First, we assessed the protein expression of VEGF‐C and VEGFR3 in heart homogenates obtained from mice subjected to ischemia and to various periods of reperfusion (Figure [3](#jah33547-fig-0003){ref-type="fig"}). The expression of VEGF‐C was significantly increased 1 day after reperfusion. This increase persisted for up to 7 days of reperfusion, with a peak elevation observed at 3 days of reperfusion. The expression of VEGFR3 was likewise increased from 1 to 7 days of reperfusion. However, the increase was similar at all times evaluated. Additional analysis revealed a significant increase in the number of LYVE1‐positive cells starting at 3 days of reperfusion that persisted for up to 7 days of reperfusion (Figure [4](#jah33547-fig-0004){ref-type="fig"}A and [4](#jah33547-fig-0004){ref-type="fig"}B). Finally, we noted a significant increase in epicardial lymphatic lumen area starting at 3 days of reperfusion that persisted for up to 7 days of reperfusion (Figure [4](#jah33547-fig-0004){ref-type="fig"}A and [4](#jah33547-fig-0004){ref-type="fig"}C).

![Representative immunoblots and analysis of vascular endothelial growth factor C (VEGF‐C; A) and VEGF receptor 3 (VEGFR3; B) protein expression levels in samples collected from hearts subjected to 60 minutes of myocardial ischemia and different periods of reperfusion. Values are means±SEM. D indicates day; I/R, ischemia and reperfusion. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 vs sham.](JAH3-7-e009565-g003){#jah33547-fig-0003}

![A, Representative images of left ventricular sections stained with an anti‐LYVE1 antibody to denote LYVE1‐positive cells (top panels) and lymphatic collecting vessel luminal area (bottom panels). Summary of LYVE1‐positive cells (B) and lymphatic lumen area (C). Samples were collected from hearts subjected to 60 minutes of myocardial ischemia and different periods of reperfusion. Bar=50 μm. Values are means±SEM. D indicates day; I/R, ischemia and reperfusion. \*\**P*\<0.01 and \*\*\**P*\<0.001 vs sham.](JAH3-7-e009565-g004){#jah33547-fig-0004}

MAZ‐51 and VEGF‐C NAb Impair the Endogenous Lymphangiogenesis Response Induced by Myocardial Ischemia and Reperfusion {#jah33547-sec-0028}
---------------------------------------------------------------------------------------------------------------------

As noted, previous studies have reported that treatment with VEGF‐C augments endogenous lymphangiogenesis and leads to improvements in cardiac function in rat models of permanent myocardial ischemia and myocardial ischemia‐reperfusion.[12](#jah33547-bib-0012){ref-type="ref"}, [13](#jah33547-bib-0013){ref-type="ref"} However, there is not any information available linking the consequences of inhibiting the endogenous lymphangiogenesis response to the development of heart failure. We, therefore, addressed this issue using 2 different pharmacological approaches. In the first set of experiments, mice were subjected to 60 minutes of ischemia, followed by reperfusion. At the time of reperfusion, a hydrogel containing the VEGFR3 inhibitor, MAZ‐51, was placed on the surface of the infarcted myocardium before the closing of the chest cavity. Mice treated with MAZ‐51 displayed a significant decrease in subendocardial lymph density at 7 days of reperfusion when compared with vehicle‐treated mice (Figure [5](#jah33547-fig-0005){ref-type="fig"}A and [5](#jah33547-fig-0005){ref-type="fig"}B). In view of this attenuation of the endogenous lymphangiogenic response, we investigated the effects of MAZ‐51 on cardiac lymphatic function. For this assessment, we injected a fluorescently labeled macromolecule (fluorescein isothiocyanate--dextran) intramuscularly into the apex of the heart at 7 days of reperfusion. Because of its size, the tracer is taken up by the lymphatics.[26](#jah33547-bib-0026){ref-type="ref"} After 30 minutes, a blood sample was collected to determine how much of the tracer had moved through the cardiac lymphatics into the circulation. Our analysis revealed that MAZ‐51 blunted the lymphatic transport when compared with vehicle‐treated mice (Figure [5](#jah33547-fig-0005){ref-type="fig"}D). The decrease in lymphatic transport was further confirmed by the enhanced accumulation of hyaluronic acid (surrogate of lymphatic drainage[27](#jah33547-bib-0027){ref-type="ref"}) in the MAZ‐51--treated hearts (Figure [5](#jah33547-fig-0005){ref-type="fig"}E).

![A, Representative images of left ventricular sections stained with an anti‐LYVE1 antibody to denote LYVE1‐positive cells (top panels) and lymphatic collecting vessel luminal area (bottom panels). Summary of LYVE1‐positive cells (B) and lymphatic lumen area (C). D, Levels of circulating fluorescein isothiocyanate (FITC)--dextran. E, Levels of cardiac hyaluronic acid. Samples were collected from hearts subjected to 60 minutes of myocardial ischemia and 1 week of reperfusion. Different groups of mice were treated with vehicle, MAZ‐51, vascular endothelial growth factor C (VEGF‐C) neutralizing antibody (NAb), or VEGF‐C~Cys156Ser~. Bar=50 μm. Values are means±SEM. \**P*\<0.05 and \*\*\**P*\<0.001 vs sham.](JAH3-7-e009565-g005){#jah33547-fig-0005}

Given that the lymphatic system functions in the clearance of inflammatory cells and edema,[28](#jah33547-bib-0028){ref-type="ref"}, [29](#jah33547-bib-0029){ref-type="ref"}, [30](#jah33547-bib-0030){ref-type="ref"} we next evaluated the relationship in the development of lymphatic vessels and the inflammatory response after MAZ‐51 treatment. First, we observed a significant increase in the diameter of epicardial lymphatic precollectors in MAZ‐51--treated hearts when compared with vehicle‐treated mice (Figure [5](#jah33547-fig-0005){ref-type="fig"}A and [5](#jah33547-fig-0005){ref-type="fig"}C). This was associated with the accumulation of B lymphocytes (detected as B220 and immunoglobulin M double‐positive cells)[31](#jah33547-bib-0031){ref-type="ref"} and an increase in the levels of tumor necrosis factor‐α, interleukin‐1β, and interleukin‐6, as well as an increase in cardiac water content (Figure [6](#jah33547-fig-0006){ref-type="fig"}). In the second set of experiments, different groups of mice had a hydrogel containing a VEGF‐C NAb placed on the surface of the infarcted myocardium. In a similar manner to MAZ‐51, treatment with VEGF‐C NAb led to a decrease in subendocardial lymph density (Figure [5](#jah33547-fig-0005){ref-type="fig"}A and [5](#jah33547-fig-0005){ref-type="fig"}B), a decrease in lymphatic transport (Figure [5](#jah33547-fig-0005){ref-type="fig"}D and [5](#jah33547-fig-0005){ref-type="fig"}E), an increase in the diameter of epicardial lymphatic precollectors (Figure [5](#jah33547-fig-0005){ref-type="fig"}A and [5](#jah33547-fig-0005){ref-type="fig"}C), an increase in the inflammatory response (Figure [6](#jah33547-fig-0006){ref-type="fig"}A through [6](#jah33547-fig-0006){ref-type="fig"}D), and an increase in water content (Figure [6](#jah33547-fig-0006){ref-type="fig"}F) at 7 days of reperfusion.

![A, Representative images of left ventricular sections stained with B220 and immunoglobulin M to denote inflammatory cells. Bar=50 μm. B, Summary of B220‐ and immunoglobulin M--positive cells. Levels of tumor necrosis factor (TNF)‐α (C), interleukin‐1β (D), and interleukin‐6 (E). F, Cardiac water content. Samples were collected from hearts subjected to 60 minutes of myocardial ischemia and 1 week of reperfusion. Different groups of mice were treated with vehicle, MAZ‐51, vascular endothelial growth factor C (VEGF‐C) neutralizing antibody (NAb), or VEGF‐C~C~ ~ys156Ser~. Values are means±SEM. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 vs sham.](JAH3-7-e009565-g006){#jah33547-fig-0006}

Blocking Endogenous Lymphangiogenesis Response Exacerbates Ischemic‐Induced Heart Failure {#jah33547-sec-0029}
-----------------------------------------------------------------------------------------

Postischemic cardiac remodeling and dysfunction are closely linked to inflammation.[32](#jah33547-bib-0032){ref-type="ref"} We, therefore, investigated the effects of MAZ‐51 and VEGF‐C NAb treatment on cardiac remodeling and dysfunction. Analysis at 28 days of reperfusion revealed that both treatments increased infarct scar size, increased ventricular hypertrophy, increased left ventricular dilatation, and decreased left ventricular function (Figure [7](#jah33547-fig-0007){ref-type="fig"}).

![A, Representative images of heart sections stained with Masson\'s trichrome to denote infarct scar. B, Infarct scar area as a percentage of left ventricular area. C, Heart weight/tibia length (HW/TL) ratios. Left ventricular (LV) end‐diastolic diameter (LVEDD; D), LV end‐systolic diameter (LVESD; E), and LV ejection fraction (F) were measured in groups of mice using echocardiography images 4 weeks after myocardial ischemia and reperfusion (POST). Values are means±SEM. NAb indicates neutralizing antibody; VEGF‐C, vascular endothelial growth factor C. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 vs vehicle (B and C); \*\*\**P*\<0.001 vs baseline (D‐F).](JAH3-7-e009565-g007){#jah33547-fig-0007}

Enhancing Endogenous Lymphangiogenesis Response Attenuates Ischemic‐Induced Heart Failure {#jah33547-sec-0030}
-----------------------------------------------------------------------------------------

Next, we sought to determine the therapeutic potential of a VEGF‐C releasing hydrogel in the setting of myocardial ischemia‐reperfusion injury. For these experiments, mice were subjected to 60 minutes of ischemia, followed by reperfusion. At the time of reperfusion, a hydrogel containing VEGF‐C~Cys156Ser~ (a mutant form that specifically binds to VEGFR3[33](#jah33547-bib-0033){ref-type="ref"}) was placed on the surface of the infarcted myocardium before the closing of the chest cavity. Mice treated with VEGF‐C~Cys156Ser~ displayed a significant increase in subendocardial lymph density at 7 days of reperfusion when compared with vehicle‐treated mice (Figure [5](#jah33547-fig-0005){ref-type="fig"}A and [5](#jah33547-fig-0005){ref-type="fig"}B). This was associated with an increase in lymphatic transport (Figure [5](#jah33547-fig-0005){ref-type="fig"}D and [5](#jah33547-fig-0005){ref-type="fig"}E); a decrease in the diameter of epicardial lymphatic precollectors (Figure [5](#jah33547-fig-0005){ref-type="fig"}A and [5](#jah33547-fig-0005){ref-type="fig"}C); a decrease in the accumulation of B lymphocytes (Figure [6](#jah33547-fig-0006){ref-type="fig"}A and [6](#jah33547-fig-0006){ref-type="fig"}B); a decrease in the levels of tumor necrosis factor‐α, interleukin‐1β, and interleukin‐6 (Figure [6](#jah33547-fig-0006){ref-type="fig"}C through [6](#jah33547-fig-0006){ref-type="fig"}E); and a decrease in cardiac water content (Figure [6](#jah33547-fig-0006){ref-type="fig"}F) when compared with vehicle‐treated mice. Further analysis at 28 days of reperfusion revealed that VEGF‐C~Cys156Ser~ treatment decreased infarct scar size, decreased ventricular hypertrophy, decreased left ventricular dilatation, and increased left ventricular function (Figure [7](#jah33547-fig-0007){ref-type="fig"}).

Treatment With Hydrogels Containing MAZ‐51, VEGF‐C NAb, or VEGF‐C~Cys156Ser~ Does Not Alter Acute Myocardial Infarction {#jah33547-sec-0031}
-----------------------------------------------------------------------------------------------------------------------

To determine if the observed changes in lymphangiogenesis and cardiac function were attributable to alterations in the initial development of myocardial infarction, subsequent groups of mice were euthanized at 24 hours of reperfusion. Analysis revealed that mice treated with hydrogels containing vehicle, MAZ‐51, VEGF‐C NAb, or VEGF‐C~Cys156Ser~ displayed a similar area at risk relative to left ventricle, as well as similar infarct areas relative to the area at risk and left ventricle (Figure [8](#jah33547-fig-0008){ref-type="fig"}A through [8](#jah33547-fig-0008){ref-type="fig"}C).

![A, Myocardial area at risk (AAR) as a percentage of total left ventricle (LV). B, Infarct size (INF) as a percentage of AAR. C, INF as a percentage of LV. D, Representative images of heart sections stained with CD31. Bar=50 μm. E, Number of CD31‐positive cells per mm^2^. Proliferation of lymph endothelial cells (ECs; F) and human umbilical vein ECs (HUVECs; G) in response to treatment with 100 ng/mL of either vascular endothelial growth factor C (VEGF‐C)~Cys156Ser~ or VEGF‐A. Values are means±SEM of 3 independent experiments of 3 biological replicates. NAb indicates neutralizing antibody. \**P*\<0.05 and \*\*\**P*\<0.001 vs sham (E); \**P*\<0.05 and \*\*\**P*\<0.001 vs vehicle (F and G).](JAH3-7-e009565-g008){#jah33547-fig-0008}

VEGF‐C~Cys156Ser~ Attenuates Ischemia‐Reperfusion--Induced Blood Vascular Rarefication {#jah33547-sec-0032}
--------------------------------------------------------------------------------------

Additional studies were performed to determine if treatment with hydrogels containing MAZ‐51, VEGF‐C NAb, or VEGF‐C~Cys156Ser~ affected blood vessel density after myocardial ischemia‐reperfusion. For these experiments, mice were subjected to 60 minutes of ischemia, followed by reperfusion for 7 days. Analysis revealed that myocardial ischemia‐reperfusion caused a significant decrease in the number of CD31^+^ vessels in the hearts of vehicle‐treated mice (Figure [8](#jah33547-fig-0008){ref-type="fig"}D and [8](#jah33547-fig-0008){ref-type="fig"}E). Hearts treated with MAZ‐51 or VEGF‐C NAb displayed a similar decrease as observed in the vehicle‐treated mice. In contrast, treatment with VEGF‐C~Cys156Ser~ attenuated the ischemia‐reperfusion--induced vascular rarefication. In view of these changes, further studies were conducted to determine if VEGF‐C~Cys156Ser~ could directly alter vascular endothelial cell proliferation. For this evaluation, cultured lymph endothelial cells and HUVECs were stimulated with 100 ng/mL of either VEGF‐C~Cys156Ser~ or VEGF‐A (Figure [8](#jah33547-fig-0008){ref-type="fig"}F and [8](#jah33547-fig-0008){ref-type="fig"}G). Analysis revealed that VEGF‐C~Cys156Ser~ induced proliferation in lymph endothelial cells, but not in HUVECs. In contrast, VEGF‐A induced proliferation in HUVECs, but not in lymph endothelial cells. This suggests that the effects of VEGF‐C~Cys156Ser~ on ischemia‐reperfusion--induced vascular rarefication are likely indirect.

Discussion {#jah33547-sec-0033}
==========

The molecular and cellular events initiated within hours to days after the onset of myocardial infarction dictate the ultimate consequences of the injury. Therefore, it is important to understand early signaling events that contribute to myocardial damage and repair.[34](#jah33547-bib-0034){ref-type="ref"} After the onset of ischemic injury, cardiomyocytes undergo irreversible injury, leading to cell death. The initiation of a highly regulated inflammatory response consisting of neutrophils and monocytes/macrophages occurs within hours after the insult to remove dead cells and matrix debris.[35](#jah33547-bib-0035){ref-type="ref"}, [36](#jah33547-bib-0036){ref-type="ref"}, [37](#jah33547-bib-0037){ref-type="ref"} This initial inflammatory phase is followed by the proliferation of vascular cells and matrix‐depositing fibroblasts, the formation of granulation tissue, and the replacement of this tissue with a collagen‐rich scar. These events serve to stabilize the infarct scar and prevent cardiac rupture. However, if these events are left unchecked, the infiltrating inflammatory cells can secrete enzymes, free radicals, and cytokines into the uninjured, remote myocardium, resulting in matrix destabilization, infarct expansion, and left ventricle dilatation.[35](#jah33547-bib-0035){ref-type="ref"}, [36](#jah33547-bib-0036){ref-type="ref"}, [37](#jah33547-bib-0037){ref-type="ref"} This ultimately contributes to the development of heart failure. As a result, the temporal sequence of events occurring after the onset of ischemic injury must be finely tuned to promote healing while at the same time minimizing adverse remodeling.[34](#jah33547-bib-0034){ref-type="ref"}

In recent years, there has been a growing interest in lymphatic research because of several key breakthroughs into the biological characteristics of lymphatic endothelial cells. First, a critical breakthrough to a functional understanding was achieved with the discovery of the main lymphangiogenic growth factor, VEGF‐C, and its receptor, VEGFR3.[38](#jah33547-bib-0038){ref-type="ref"} This was followed by the identification of proteins that discriminate between endothelial cells of the blood and lymphatic vessel lineages (ie, LYVE‐1), which can serve as selective markers.[39](#jah33547-bib-0039){ref-type="ref"} These discoveries lead to the gradual understanding that lymphatic vessels serve an active role in disease processes ranging from inflammation to metastatic spreading of cancer.[28](#jah33547-bib-0028){ref-type="ref"}, [29](#jah33547-bib-0029){ref-type="ref"}, [30](#jah33547-bib-0030){ref-type="ref"} Moreover, stimulation of lymphangiogenesis in diseased settings with VEGF‐C or adipose‐derived regenerative cells has been shown to reduce edema and inflammation.[17](#jah33547-bib-0017){ref-type="ref"}, [40](#jah33547-bib-0040){ref-type="ref"}, [41](#jah33547-bib-0041){ref-type="ref"} This has led to the idea that therapeutic lymphangiogenesis is a viable clinical option for several diseased states.

The functional significance of the cardiac lymphatic system was first demonstrated by the observation that surgical ligation of a lymphatic vessel in the canine heart induced edema, cardiac fibrosis, and cardiac dysfunction.[10](#jah33547-bib-0010){ref-type="ref"} This was further substantiated by the observations that obstructing lymphatic flow after myocardial ischemia exacerbated ischemic‐induced edema, fibrosis, and cardiac dysfunction.[11](#jah33547-bib-0011){ref-type="ref"} However, until recently, few advances in our understanding of the physiological role of the cardiac lymphatic system have been made. In the past several years, 2 elegant studies have independently demonstrated that myocardial ischemia induces an endogenous lymphangiogenesis response.[12](#jah33547-bib-0012){ref-type="ref"}, [13](#jah33547-bib-0013){ref-type="ref"} In the current study, we confirmed these results in mouse models of myocardial ischemia and ischemia‐reperfusion injury. In our study, we focused on the kinetics of the endogenous lymphangiogenesis response during the early periods after the onset of either ischemia or reperfusion. Although we found a similar response in regard to an increase in the protein expression of VEGF‐C and VEGFR3 preceding an increase in subendocardial lymph density, there was a subtle difference between the 2 models. Specifically, we observed a difference in the kinetics of VEGF‐C expression. In the ischemia model, VEGF‐C was elevated to a similar level at all times evaluated. In contrast, the expression of VEGF‐C increased dramatically at 3 days of reperfusion before declining to a lower level by 5 days of reperfusion. Currently, the underlying cause for this difference is not known. However, the difference did not seem to influence the endogenous lymphangiogenesis response, because a similar pattern and onset of an increase in subendocardial lymph density was observed in both models. Our findings are in slight contrast with those previously reported.[12](#jah33547-bib-0012){ref-type="ref"}, [13](#jah33547-bib-0013){ref-type="ref"} Specifically, the previous studies reported that the endogenous lymphangiogenesis response occurs weeks after the onset of myocardial ischemia. Currently, we do not completely understand the conflicting observations about the timing of the response. However, the previous studies used a rat model of myocardial ischemia and focused on later time points. Herein, we used a mouse model and focused on the early periods after the onset of ischemia or reperfusion. Despite the differences in timing, all 3 studies clearly indicate that the response occurs.

In agreement with the 2 previous studies,[12](#jah33547-bib-0012){ref-type="ref"}, [13](#jah33547-bib-0013){ref-type="ref"} we also found that treatment with a mutated version of VEGF‐C augmented the endogenous lymphangiogenesis response and attenuated ischemic‐induced cardiac dysfunction. Specifically, we found that VEGF‐C~Cys156Ser~ treatment increased ischemic‐induced subendocardial lymph density and decreased inflammation and edema at 7 days of reperfusion. This was associated with a reduction in scar formation and improvement in cardiac function at 28 days of reperfusion. Importantly, these effects were found to be independent of the initial development of infarction. More important, we provide direct evidence that blocking the endogenous lymphangiogenesis response exacerbates cardiac injury and dysfunction after myocardial ischemia‐reperfusion. As noted, signaling via VEGF‐C and VEGFR3 is the most central pathway for lymphangiogenesis. Herein, we found that inhibiting VEGFR3 with MAZ‐51 blunted the ischemic‐induced increase in subendocardial lymph density, increased inflammation/edema, increased scar formation, and increased cardiac dysfunction. Likewise, targeting endogenous VEGF‐C with an NAb disrupted the endogenous lymphangiogenesis response and exacerbated cardiac injury. Together, these data suggest that the endogenous lymphangiogenesis response plays an adaptive role in response to myocardial ischemia‐reperfusion injury.

There is some evidence to suggest that remodeling of the lymphatic system in response to myocardial ischemia leads to transient lymphatic transport dysfunction.[13](#jah33547-bib-0013){ref-type="ref"} Specifically, these impairments were noted to contribute to the development of chronic myocardial edema and inflammation. However, augmentation of the endogenous lymphangiogenesis response has consistently proved effective in reducing cardiac dysfunction after myocardial ischemia. Together with our new evidence that blocking the response exacerbates myocardial injury, it can be suggested that the initial response plays a beneficial role. However, it seems that the response is not sufficient to alleviate the development of heart failure. As such, more work is needed to determine the most effective means to augment or complement the response during the early period after the onset of myocardial ischemia (ie, early reperfusion).

We anticipate that the clinical use of therapeutic lymphangiogenesis will not be achieved by systemic delivery, but rather local delivery. As such, the use of hydrogels could be a viable delivery strategy. Because of their highly tunable chemical, physical, and mechanical properties, hydrogels have been widely used as a tool in regenerative medicine.[42](#jah33547-bib-0042){ref-type="ref"}, [43](#jah33547-bib-0043){ref-type="ref"} In regards to the heart, hydrogel‐based materials have been used as a structural/mechanical support for the injured myocardium[44](#jah33547-bib-0044){ref-type="ref"} and have also been used as a means to deliver small molecules.[45](#jah33547-bib-0045){ref-type="ref"} The ability to fine‐tune the properties of the hydrogel provides the unique opportunity to control the delivery of pharmacological agents.[43](#jah33547-bib-0043){ref-type="ref"} Herein, we used a hydrogel to deliver VEGF‐C~Cys156Ser~ to the injured myocardium by placing the gel on the surface of the heart. Although this strategy might not be clinically feasible, it does show proof of concept that the delivery mechanism is viable. As such, future approaches, such as injecting the VEGF‐C--containing hydrogel directly into the myocardium, are warranted.

Although the current study demonstrates that the endogenous lymphangiogenesis response plays an adaptive role in the development of ischemic‐induced heart failure, there are a few alternative mechanisms that need to be noted. First, although VEGF‐C has been described to be a relatively specific growth factor for the lymphatic system, there is some evidence that VEGF‐C can induce proliferation of blood vessels (ie, angiogenesis).[46](#jah33547-bib-0046){ref-type="ref"}, [47](#jah33547-bib-0047){ref-type="ref"} Herein, we found that treatment with VEGF‐C~Cys156Ser~ attenuated ischemia‐reperfusion--induced blood vascular rarefication. Although this evidence does indicate that VEGF‐C~Cys156Ser~ alters the density of blood vessels in the heart, we believe that this evidence is not indicative of angiogenesis. This is supported by the finding that treatment with MAZ‐51 or VEGF‐C NAb did not cause further blood vascular rarefication when compared with vehicle‐treated hearts and the finding that VEGF‐C~Cys156Ser~ did not induce proliferation in HUVECs. It is more likely that treatment with VEGF‐C~Cys156Ser~ creates an environment whereby less blood vessel dropout occurs. Alternatively, the environment in the VEGF‐C~Cys156Ser~--treated heart could be more conducive for angiogenesis to occur. Either way, the attenuation of blood vascular rarefication certainly contributes to the beneficial effects of VEGF‐C~Cys156Ser~. With that being said, more work is warranted to determine the mechanism by which VEGF‐C~Cys156Ser~ attenuated ischemia‐reperfusion--induced blood vascular rarefication. Second, there is also some evidence from the literature that blood can flow through lymphatic vessels.[48](#jah33547-bib-0048){ref-type="ref"} Intriguingly, the hemodynamic forces created by the flow of blood through the lymphatic vessels can reprogram the lymphatic vessels to become blood vessels. As such, it is possible that ischemic‐induced lymphangiogenesis can create an alternative means to deliver blood to the damaged tissue. Whether this can occur in the heart or in the setting of ischemia‐reperfusion injury is unknown. Additionally, technical limitations related to the visualization of lymphatic vessels in the mouse heart and the findings that reprogrammed lymphatic vessels maintain their identity in vivo (ie, LYVE1‐positive staining)[48](#jah33547-bib-0048){ref-type="ref"} make the evaluation of this reprogramming difficult. As such, future studies need to be conducted in large animal models to determine if this is a mechanism by which VEGF‐C~Cys156Ser~ and/or lymphangiogenesis protect the heart from the development of ischemic‐induced heart failure. Third, there is evidence that VEGFR3 is expressed on cardiomyocytes and myofibroblasts.[49](#jah33547-bib-0049){ref-type="ref"} As such, it is possible that treatment with MAZ‐51, VEGF‐C NAb, or VEGF‐C~Cys156Ser~ could have directly affected signaling in the cardiomyocytes and/or fibroblasts during the remodeling phase. As such, future studies are needed to fully understand how VEGF‐C/VEGFR3 signaling in these different cell types affects the development of ischemic‐induced heart failure.

In summary, the findings of the current study provide evidence that the endogenous lymphangiogenesis response is induced within 3 days after myocardial ischemia. Moreover, we provide evidence that the response plays an adaptive role in the development of ischemic‐induced heart failure by enhancing lymphatic drainage. Thus, our findings support the emerging concept that therapeutic lymphangiogenesis is a promising new approach for the treatment of cardiovascular disease.[13](#jah33547-bib-0013){ref-type="ref"}
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